air pollution clusters were constructed as a nominal variable such that each day during the study period was assigned one of the five distinct profiles. We therefore constructed 1-day moving averages for PM 2.5 before peripheral arterial tonometry examinations to temporally overlap cluster
Original article
Background: Prior studies including the Framingham Heart Study have suggested associations between single components of air pollution and vascular function; however, underlying mixtures of air pollution may have distinct associations with vascular function. Methods: We used a k-means approach to construct five distinct pollution mixtures from elemental analyses of particle filters, air pollution monitoring data, and meteorology. exposure was modeled as an interaction between fine particle mass (PM 2.5 ), and concurrent pollution cluster. Outcome variables were two measures of microvascular function in the fingertip in the Framingham Offspring and third generation cohorts from 2003 to 2008. Results: in 1,720 participants, associations between PM 2.5 and baseline pulse amplitude tonometry differed by air pollution cluster (interaction P value 0.009). Higher PM 2.5 on days with low mass concentrations but high proportion of ultrafine particles from traffic was associated with 18% (95% confidence interval: 4.6%, 33%) higher baseline pulse amplitude per 5 μg/m 3 and days with high contributions of oil and wood combustion with 16% (95% confidence interval: 0.2%, 34%) higher baseline pulse amplitude. We observed no variation in associations of PM 2.5 with hyperemic response to ischemia observed across air pollution clusters. Conclusions: PM 2.5 exposure from air pollution mixtures with large contributions of local ultrafine particles from traffic, heating oil, and wood combustion was associated with higher baseline pulse amplitude but not hyperemic response. Our findings suggest little association between acute exposure to air pollution clusters reflective of select sources and hyperemic response to ischemia, but possible associations with excessive small artery pulsatility with potentially deleterious microvascular consequences. (Epidemiology 2016; 27: 194-201) P articulate air pollution exposure is associated with increased cardiovascular risk. 1 acute exposure to high air pollution levels has detrimental vascular effects that may be relevant to the development of cardiovascular events. Determining the particular air pollution mixtures and sources associated with vascular alterations has substantial public health implications. abnormal vascular function contributes to the pathogenesis of atherosclerosis, hypertension, and stroke. 2, 3 Higher resting small artery pulsatility is associated with cardiovascular risk factors and has potential to induce microvascular damage. [4] [5] [6] [7] impaired small vessel hyperemic response reflects endothelial dysfunction and has been associated with increased risk of cardiovascular events. 3 Microvascular function can be assessed noninvasively in the fingertip circulation using peripheral arterial tonometry. resting pulse amplitude reflects microvessel pulsatility influenced by blood flow, autonomic tone, and vascular wall compliance. although copyright longitudinal associations of resting baseline pulse amplitude and cardiovascular events have not been demonstrated in highrisk patients, higher small vessel pulsatility may have deleterious effects in the microcirculation. 7 the peripheral arterial response to hyperemia reflects endothelium-dependent vasodilation and is associated with ischemic heart disease, 8 cardiac events, 7, 9 and with coronary endothelial dysfunction. 10 in a previous study of microvascular function in the Framingham Heart Study using peripheral arterial tonometry, we investigated associations between levels of different individual air pollutants and both baseline pulse amplitude and hyperemic response. 11 We demonstrated associations between preceding 1-to 3-day exposure to higher fine particulate matter (PM 2.5 , particles with an aerodynamic diameter of ≤2.5 μm), black carbon (Bc) or particle number and higher resting pulsatility measured by baseline pulse amplitude. air pollution levels were not associated with hyperemic response. Other studies of smaller size, comparing hyperemic response in the digital microvasculature before and after air filtration of homes or using controlled human chamber exposure to coal, wood, or traffic pollution, have shown mixed results. [12] [13] [14] [15] [16] Similar to other studies of air pollution and microvascular function, in previous analyses, we only considered each pollutant separately without examining potentially variable associations by air pollution mixture. ambient particulate air pollution is composed of many constituents originating from a plethora of anthropogenic and natural sources. the specific mixture of sources and constituents contained in PM 2.5 as well as the concurrent gaseous pollutants also vary from day to day depending on meteorology and emissions. analyzing each pollutant separately does not take this into account and obscures interpretation of which specific mixtures of pollution sources are more strongly associated with microvascular function. in conjunction with other accumulated knowledge, this understanding may lead to insights about the most important sources and constituents of air pollution to consider in regulation policy.
in this study, we incorporated data from elemental analyses of particle filters, several gaseous, and particulate pollutant levels, and meteorology to cluster days into five distinct air pollution mixtures using a previously published k-means approach. 17 We aimed to evaluate whether the preceding day's air pollution mixture modified the association of PM 2.5 with digital vascular measures in the Framingham Offspring and third generation cohorts. We hypothesized that mixtures composed of particulate species related to local combustion sources would be more strongly associated than those from other sources with changes in microvascular circulation.
METHODS

Study Sample
We included participants with valid peripheral arterial tonometry measurements and a primary residential address 11 all participants provided written informed consent for the Framingham Heart Study examinations, and both the committee on clinical investigation at Beth israel Deaconess Medical center and the Boston University Medical center institutional review Board approved this work. the detailed study protocol has previously been described. 18, 19 Observations were excluded on days with missing data in at least one of the variables used in the construction of the air pollution mixture clusters. a total of 1,720 participants were included in this study.
Digital Vascular Function Measurements
Digital pulse amplitude was measured at a single visit per participant as previously described in detail. 5 in brief, using a peripheral arterial tonometry device on the tip of each index finger (endo-Pat2000, itamar Medical, caesarea, israel) pulse volume changes were electronically measured and expressed as pulse amplitude. Baseline pulse amplitude, or resting pulsatility, was measured in the fingertips of both hands for 2 minutes and 20 seconds. ischemia was induced by an inflated forearm cuff on one arm for 5 minutes. the hyperemic response was determined by the ratio of the postdeflation pulse amplitude (90-120 seconds after deflation) to the baseline pulse amplitude of the same finger divided by the ratio of the pulse amplitude measured in the control finger during the same interval to the baseline pulse amplitude of the control finger. For analyses, the natural logarithm of the mean of baseline pulse amplitudes from each finger was used. likewise, the hyperemic response was transformed such that peripheral arterial tonometry ratio = log e [(X ht90−t120 /X ht0 )/(X ct90−t120 /X ct0 )] with X denoting pulse amplitude, h denoting hyperemic finger, t denoting time interval, 0 denoting baseline, and c denoting control finger.
Covariate Assessment
Prevalent individual-level covariates that were expected to confound or be associated with the vascular measures but not causal intermediates were used in multivariable analyses including age, sex, body mass index, cohort (Offspring or third generation), smoking status (categorized as current, former, or never smoker), systolic blood pressure (mean of two measurements taken by the physician administering the clinical exam), diabetes mellitus (defined as having a fasting glucose ≥ 126 mg/dl or oral hypoglycemic or insulin use at an exam or any previous history of diabetes, excluding gestational diabetes), triglycerides, total cholesterol to high-density lipoprotein ratio, and regular use of antihypertensive or statin medication classified according to their World Health Organization anatomical therapeutic chemical (atc) codes. the participants were almost exclusively white and consequently race was not included as a covariate. age showed evidence of a nonlinear relationship with peripheral arterial tonometry measures and was therefore centered to the mean and entered as both a linear and quadratic term to accommodate nonlinearity. to adjust for socioeconomic status, we used individual-level data for years of education (categorized as no high school degree, high school degree, some college education, and college degree). Furthermore, we included median household income in the participants' residential census tract using data from US census 2000 (categorized by quartiles). to account for seasonal and long-term time trends in relating air pollutants to digital vascular function, we modeled the sine and cosine of the day of year and a linear time trend for date of examination. Finally, we adjusted for day of week, temperature, relative humidity, and the cross-product term of ambient temperature and relative humidity to estimate associations with air pollutant exposures.
Air Pollution and Meteorology
Daily PM 2.5 samples were collected on teflon filters using Harvard impactors and were analyzed by X-ray fluorescence for elements. levels of PM 2.5 and Bc, and particle number concentrations (number of particles per cm 3 ) were measured continuously at the Harvard air Pollution Monitoring Supersite, which is about 1 mile from downtown Boston. this site is on the rooftop of the countway library located five stories above ground level and 50 m from the nearest street. Daily means were computed using hourly data from 9 am to 9 am. PM 2.5 was measured using a tapered element oscillating microbalance (model 1400a, rupprecht & Pataschnick co, albany, nY) and Bc using an aethalometer (Magee Scientific, Berkeley, ca). Hourly particle number concentrations (particles per cm 3 ) were measured with a condensation Particle counter (tSi inc., Model 3022a, Shoreview, Mn). Particle number is a measurement of ultrafine particles because the majority of particles have an aerodynamic diameter of less than 100 nm. thus, the terms particle number and ultrafine particles are interchangeable. Hourly concentrations of the gaseous pollutants carbon monoxide (cO), nitrogen oxides (nO and nO 2 ), sulfur dioxide (SO 2 ), and ozone (O 3 ) were measured by state monitors located within the greater Boston area, and exposures were estimated by averaging data from the available sites. 20 Finally, hourly temperature and relative humidity data were obtained from the Boston logan airport weather station located 12 km from the central monitoring site.
Pollutants and measures used in the clustering analyses included particle number, cO, nO, nO 2 , O 3 , SO 2 , Bc, S, cu, Zn, ni, V, ti, Mg, K, Si, na, cl, ca, Br, Sr, Pb, Mn, and Fe. Other elements were considered but were excluded due to unreliable analytical measurement or a large proportion of measurements below the method detection limit. Days were grouped into five distinct clusters according to the method described by austin et al., 17 with the goal of producing groups of days with similar multipollutant profiles and weather patterns. For each cluster of days, we then estimated pollutant and elemental average concentrations to better characterize differences among the five groups (etables 1 and 2; http:// links.lww.com/eDe/a989).
Cluster 1 occurred on 38% of the days and is characterized by the lowest levels of PM 2.5 mass. relative to these levels of PM 2.5 , this cluster had high concentrations of O 3 , nO 2 , and particle number. High relative levels of elements Pb, Sr, cl, and Mg indicated the presence of resuspended road dust. the ratio of particle number to PM 2.5 was also high, indicating a high proportion of ultrafine particles. taken together this mixture represents days of lower overall concentrations containing some road dust and a high proportion of locally generated particle contributions from traffic emissions.
Cluster 2 occurred on 19% of the days and less frequently in colder months. Most pollutant concentrations were within average ranges except Fe, K, Si, and ca, which were all elevated. low K/Si confirmed the prevalence of suspended crustal materials in this cluster such as soil and dust.
Cluster 3 occurred on 8% of days, almost entirely in the winter months. High relative concentrations of ni, V, Zn, Br, cO, nO, and SO 2 with high nO/nO 2 and Bc/PM 2.5 ratios indicated the strong contribution of traffic and oil combustion emissions on these days. the particle number/PM 2.5 ratio although elevated was lower than that in clusters 1 and 5 indicating a mixture of ultrafine particles and fine particles.
Cluster 4 occurred on 14% of days, primarily during the warm season with the highest concentrations of PM 2.5 as well as high S and Se concentrations. note that Se was not included in the initial cluster analysis and its concentrations by cluster were determined after the clusters were defined. Se is a marker of secondary particles from coal. Furthermore, the lower particle number/PM 2.5 ratio indicated relatively larger particle sizes consistent with aged agglomerated particles transported from regional sources.
Cluster 5 occurred on 21% of days, mostly in winter and had the lowest average daily temperatures. relative to soil dust, the high Fe/Si ratio suggested a strong contribution of road dust and the high K/Si ratio suggested a contribution of wood burning. this mixture had the highest concentrations of particle number and the highest particle number/PM 2.5 ratio. the high ni and V concentrations, which are associated with combustion of heating oil, were similar to cluster 3, but the proportion of ultrafine particles was much higher. this indicated a higher proportion of local emissions than those in cluster 3 although the lower nO/nO 2 ratio suggested a smaller traffic-related contribution compared with wood and heating oil combustion. assignment. We fit multivariable linear regression models including an interaction term between preceding 1-day moving average of PM 2.5 (continuous variable) and preceding day air pollution cluster (categorical variable) and to assess whether the association between ambient exposure to fine particulate matter and microvascular function (baseline pulse amplitude and peripheral arterial tonometry ratio) varied by distinct mixture of air pollution. We constructed a model in which the dependent measure was either modeled as baseline pulse amplitude or peripheral arterial tonometry ratio and β 1 was the main effect of 1-day PM 2.5 and β 2 − β 5 were the main effects of each cluster, β 6 − β 10 were the coefficients of interaction terms between PM 2.5 and each cluster, and γ represented the coefficients for each additional model covariate specified above. We computed the PM 2.5 estimates in each cluster by summing β 1 and each of the interaction coefficients β 6 − β 10 , i.e., the PM 2.5 estimate for cluster 2 is β 1 + β 6 with standard error:
the associations between PM 2.5 and baseline pulse amplitude or peripheral arterial tonometry ratio are expressed as percent change in the vascular measure per 5 μg/m 3 PM 2.5 by level of cluster. all estimates are presented with 95% confidence intervals (ci). We tested the statistical significance of the interaction between cluster and PM 2.5 using a single 5 degree of freedom global test for homogeneity and considered a two-sided P value of <0.05 as statistically significant. SaS 9.3 PrOc glM was used for all analyses.
RESULTS
Study Participants
Participants included similar numbers of men and women (table). the mean age was 56 years old with standard deviation (SD) 16. Mean body mass index was 28 kg/m 2 (SD: 5.4), mean ratio of total cholesterol/high-density lipoproteins was 3.6 (SD: 1.2), mean triglycerides was 119 mg/dl (SD: 17), and mean systolic blood pressure was 124 (SD: 17). thirty-eight percent of the participants were using antihypertensive medication and 29% were using statins. a majority of participants were current or former smokers and had at least some college education.
Associations of PM 2.5 with Baseline Pulse Amplitude by Air Pollution Cluster
associations between a 1-day moving average of PM 2.5 and baseline pulse amplitude varied according to daily pollution cluster (P value for interaction 0.009; Fig. 1 ). a 5 μg/m 3 higher PM 2.5 on cluster 1 days was associated with 18% (95% ci: 4.6%, 33%) higher baseline pulse amplitude. cluster 1 contains mixtures with the lowest levels of PM 2.5 concentration but with contributions from road dust and traffic emissions and a high particle number/PM 2.5 ratio. this ratio can be used as an indicator of particle size with higher ratios indicating a greater proportion of freshly generated smaller particles typically related to local combustion sources such as traffic and heating. 17 Higher PM 2.5 on cluster 2, 3, and 4 days was not associated with higher baseline pulse amplitude. cluster 2 consisted of mixtures of predominantly crustal sources. cluster 3 days occurred exclusively in winter months and contained a mixture with a strong contribution of traffic emissions. cluster 4 days were dominated by regionally transported pollution. Higher PM 2.5 on cluster 5 days was also associated with 16% (95% ci: 0.2%, 34%) higher baseline pulse amplitude. PM 2.5 in cluster 5 had the highest proportion of ultrafine particles and was composed of elements suggesting contributions from wood and heating oil sources. these findings indicate that individual clusters of air pollutant mixtures from particular pollutant sources had distinct associations with higher baseline pulse amplitude, reflecting excessive microvessel pulsatility.
Associations of PM 2.5 with Hyperemic Response by Air Pollution Cluster
cluster type did not significantly alter the null association between PM 2.5 and peripheral arterial tonometry ratio, reflecting the hyperemic response (P value for interaction 0.10; Fig. 2 ). these findings indicate that cluster types did not have distinct associations with the vasodilator response to ischemia in the microvasculature. excluding adjustment for (21) n, number of observations. systolic blood pressure or diabetes in the models did not materially change the results.
DISCUSSION
in our large community-based Framingham Heart Study, we found a difference in the association between PM 2.5 and baseline pulse amplitude according to the prevalent air pollution cluster, suggesting differing associations of specific air pollution mixtures with microvascular pulsatility. associations were largely confined to days in clusters with a high relative or absolute content of ultrafine particles stemming from contributions from different forms of local combustion such as traffic, heating oil, and wood burning. We did not observe statistically significant differences in the associations between PM 2.5 and hyperemic response across the air pollution mixture clusters, suggesting that acute particulate air pollution is not associated with impairments in microvascular vasodilation response.
Other studies investigating associations between shortterm air pollution exposure and microvascular function using peripheral arterial tonometry have to a limited degree explored sources of air pollution in controlled exposure settings. consistent with our null results for the hyperemic response, these studies did not observe associations between controlled exposure to coal, 16 wood smoke, 15, 16 or to 24-hour exposure to urban air from a busy street 14 and hyperemic response. all studies included young volunteers, potentially less susceptible to air pollution exposure, and the 2-hour exposure periods used in two of the studies may be of insufficient duration to affect the microvasculature. in contrast, two small interventional studies 12, 13 used air filtration in homes over a short period leading to lower levels of particle matter and demonstrated increases in the hyperemic response. none of these studies, however, assessed the association between air pollution and resting baseline pulse amplitude nor considered specific air pollution mixtures.
in our previous single-pollutant analysis, we observed associations between the pollutants PM 2.5 , Bc, particle number, sulfate and ozone and baseline pulse amplitude. 11 the high correlation and multiple sources of these pollutants make it difficult to identify the true culprit or combination of culprits in this type of analyses. in this study, however, we found that associations between PM 2.5 exposure and digital baseline pulse amplitude varied according to concurrent air pollution mixture. cluster 1, a mixture with low PM 2.5 mass concentration but contributions from local traffic, demonstrated associations with higher baseline pulse amplitude. in addition, PM 2.5 on days with air pollutant mixtures dominated by local contributions of commercial heating oil and wood combustion (cluster 5) was also associated with higher baseline pulse amplitude. the commercial heating oil used in Boston consists of heavier oil with longer-chain hydrocarbons and a greater concentration of impurities such as ash and metals including nickel and vanadium compared with home heating oil. estimates for FIGURE 1. Relative difference and 95% CI in baseline pulse amplitude per 5 μg/m 3 of PM 2.5 by air pollution cluster. Cluster 1: low PM 2.5 pollution levels with particle mixture dominated by ultrafine particles from traffic and other local combustion sources. Cluster 2: average levels of most pollutants and particle components with a larger proportion of resuspended crustal particles. Cluster 3: high PM 2.5 mass concentrations with fine and ultrafine particles and high levels of Ni and V as well as high contribution of gaseous traffic emissions. Cluster 4: regionally transported pollution mixture with highest PM 2.5 mass. Cluster 5: highest contribution of ultrafine particles in a mixture with components of local heating oil and wood combustion with high levels of Ni and V.
FIGURE 2.
Relative difference and 95% CI in peripheral arterial tonometry ratio per 5 μg/m 3 of PM 2.5 by air pollution cluster. Cluster 1: low PM 2.5 pollution levels with particle mixture dominated by ultrafine particles from traffic and other local combustion sources. Cluster 2: average levels of most pollutants and particle components with a larger proportion of resuspended crustal particles. Cluster 3: high PM 2.5 mass concentrations with fine and ultrafine particles and high levels of Ni and V as well as high contribution of gaseous traffic emissions. Cluster 4: regionally transported pollution mixture with highest PM 2.5 mass. Cluster 5: highest contribution of ultrafine particles in a mixture with components of local heating oil and wood combustion with high levels of Ni and V. cluster 3, containing a mixture of oil and traffic combustion with both aged and freshly emitted pollutants, were indicative of associations with higher baseline pulse amplitude, although cis overlapped the null, possibly reflecting reduced power due to a low number of days falling into this cluster (135 microvascular measurements). taken together, these results are consistent with our primary hypotheses that air pollution mixtures dominated by local combustion emissions are most strongly associated with changes in the microvascular function and support our previous study results of strongest associations with air pollutants such as high particle number that are primarily derived from local combustion sources. 11 PM 2.5 consists of a variety of species of particles from different sources, both local and regional, and since measurements consider mass concentration, larger particles with more mass will influence measured levels more than ultrafine particles. agglomerated aged particles transported over hundreds of kilometers from regional sources are the major contributors to PM 2.5 mass. cluster 4 days contained a mixture with the strongest contribution of regionally transported pollution, which consisted of relatively larger fine particles and was the largest contributor to particle mass. Our results indicated no association between PM 2.5 and microvascular function on days with this mixture, consistent with previously reported results 11 of weak associations between baseline pulse amplitude and sulfate, a marker of regional pollution, and a weaker association with PM 2.5 compared with particle number.
We found different patterns of association of air pollution cluster types with the two different measures of microvascular function: baseline pulse amplitude and hyperemic response. there are several potential implications of the observed associations of baseline pulse amplitude but not hyperemic response with particular air pollutant mixtures. Baseline pulse amplitude reflects several factors including digital blood flow, vessel compliance, and sympathetic tone with a dynamic induction time over the course of minutes. 21, 22 Higher baseline pulse amplitude indicates higher small artery pulsatility that may induce damage to the microcirculation with chronic exposure. in prior studies, traditional cardiovascular risk factors have been associated with higher baseline pulse amplitude. 5, 6 a recent study of high-risk patients reported no associations between baseline pulse amplitude and large vessel cardiovascular events when adjusting for concomitant risk factors. 7 the acute differences in baseline pulse amplitude seen here in association with particulate air pollution in mixtures dominated by oil and wood combustion and containing ultrafine particles may potentially reflect differences in resting sympathetic tone or small vessel compliance governing resting pulsatility.
in contrast, we did not observe associations of air pollution cluster types and hyperemic response, a measure of microvascular vasodilator function. Digital hyperemic response is a measure of response to shear stress in the microvasculature of the fingertip that has a short-induction time 22 and is primarily endothelium dependent. 23 reduced hyperemic response has been associated with several important risk factors for cardiovascular disease in the Framingham Heart Study 5, 24 and other studies 6, 25, 26 as well as with future cardiac events. 7, 9 the lack of association of air pollution cluster types with the hyperemic response may indicate that acute air pollution exposure does not impair microvascular endothelial function. However, it remains possible that higher levels of exposure or longer exposure time may induce changes in microvascular endothelial function. Overall, our findings are consistent with the possibility that air pollution cluster types alter microvascular pulsatility but not microvascular vasodilatory response to shear stress. Our findings suggest that small vessel pulsatility may be a more sensitive marker of acute air pollution-induced changes in microvascular function. Higher resting pulsatility in small vessels creates the conditions for microvessel damage that may be associated with end-organ damage particularly in the brain and kidneys. 27 Future studies are needed to determine whether microvascular dysfunction mediates the association of air pollution with cardiovascular events and the contribution of the observed increased microvascular pulsatility.
Other studies have investigated short-term exposure to air pollution and vascular function in other microvascular and conduit artery beds. associations have previously been reported between particulate air pollution exposure and blunted endothelium-dependent arteriolar dilation in rat spinotrapezius muscle. 28, 29 in the retinal microvasculature of humans, short-term exposure to PM 2.5 30 and PM 10 31 was associated with decreased retinal arteriolar diameter. Furthermore, for conduit artery function, observational studies of participants with diabetes have reported associations between particulate air pollution exposure and hyperemic response in the brachial arteries measured as flow-mediated dilation. 32, 33 analogous to our findings, however, exposure to particulates in nondiabetic people using chamber studies with controlled exposure did not demonstrate a hyperemic response in the brachial artery measured by flow-mediated dilation, but was associated with smaller brachial diameters. 34, 35 although these studies taken together consistently point toward vascular reactivity to air pollution exposure, the disparate associations may reflect the intricacies of vascular regulation with possible varying effects between conduit and resistance vessels or prevailing differences in exposure across studies.
Our study has several limitations. We compared changes in exposure from one day to another for each participant's residence using central monitors for all primary addresses within 50 km of the central monitoring site. this most likely induced nondifferential exposure misclassification with respect to the vascular measures leading to wider cis. 36 earlier studies in Boston have shown that PM 2.5 levels measured at the central site are good proxies for personal exposure to ambient particulate air pollution. 37 the results reported for air pollution mixtures in this study located in the northeastern United States may not be generalizable to other geographical areas with different sources and meteorology. Some days could not be characterized according to air pollution cluster due to missing monitor data or elements that could not be detected. this may have affected our power to detect associations. However, the missingness of these data is not expected to be related to whether participants came to their scheduled examinations and therefore would not cause bias. the Framingham study participants are almost all of non-Hispanic white origin and this may limit the generalizability of the results to other races or ethnic groups. Our design precluded a longitudinal analysis of change in exposure and change in vascular measures since we only had data from one tonometry examination and, because our study was observational, we cannot determine causal relations. We acknowledge the possibility for residual confounding by unmeasured factors affecting peripheral tonometry measures that also vary with short-term changes in air pollution levels. For the above-mentioned limitations and the novelty of the study, the findings will need to be replicated in other populations.
the Framingham cohorts, however, offered the advantage of a large-scale community-based observational study with a standardized study protocol. Outcome assessment was collected independently and blinded to the air pollution measurements. Peripheral arterial tonometry has the additional advantage of yielding noninvasive measurements of microvessel function with little operator dependence. although associations between ambient air pollution exposure and health outcomes are generally investigated by analyzing strongly correlated individual pollutants, personal exposure always consists of mixtures of several pollutants with possible interactions. We have attempted to address this challenge to inference by characterizing days with different mixtures of air pollution based on a previously published novel combination of analyses of elemental components from collected filters of particulate matter as well as gases and meteorology. air pollution mixtures with contributions from local combustion emissions like heating oil, wood, or traffic appeared to modify the association between PM 2.5 and microvascular pulsatility but not hyperemic response. Furthermore, there did not appear to be an association between PM 2.5 and microvascular function on days where air pollution was dominated regionally transported pollution. characterizing particulate pollution in the context of an air pollution mixture appears to influence the association with microvascular function. if specific air pollution clusters are also associated with higher risk of clinical endpoints such as myocardial infarction or stroke in follow-up studies then this would provide valuable data to advise effective air quality regulation and implementation.
